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Hakim Aïssat, Laurent Cirio, Marjorie Grzeskowiak, Jean-Marc Laheurte, and Odile Picon
Abstract—This paper describes the design rules of a compact
microstrip patch antenna with polarization reconfigurable fea-
tures (right-handed circular polarization (CP)/left-handed CP).
The basic antenna is a circular coplanar-waveguide (CPW)-fed
microstrip antenna excited by a diagonal slot and the CPW open
end. This device is developed for short-range communications or
contactless identification systems requiring polarization recon-
figurability to optimize the link reliability. First, experimental
and simulated results are presented for the passive version of the
antenna excited by an asymmetric slot. A reconfigurable antenna
using beam-lead p-i-n diodes to switch the polarization sense is
then simulated with an electrical modeling of the diodes. Finally,
the efficiency reduction resulting from the diode losses is discussed.
Index Terms—Antenna diversity, circular polarization (CP),
coplanar-waveguide (CPW) transitions, polarization switching.
I. INTRODUCTION
ATREMENDOUS growth of the wireless RF identifica-tion (RFID) market is currently observed in the UHF
and microwave bands. Dedicated frequency bandwidths in
the UHF band are 865.6–867.6 MHz in the European Union,
902–928 MHz in the U.S., and 950–956 MHz in Japan. The
microwave range is also considered at 5.8 GHz for electronic
toll collection and more generally wireless road-to-vehicle
communication systems. Simultaneously, there is a great in-
terest in mobile ad hoc networks in which the routers are free
to move randomly and organize themselves arbitrarily to form
a self-configuring wireless network.
In short-range communications or contactless identification
systems, antennas are key components, which must be small,
low profile, and with minimal processing costs [1]. To cope with
the unknown relative positions of the antennas in the ad hoc
network or the RFID scenario, the antenna should also include
some degree of radiation reconfigurability. More generally, di-
versity features can reduce the detrimental fading loss caused
by multipath effects [2], [3]. This paper specifically focuses on
polarization reconfigurability to optimize the link reliability.
In [2] and [3], a reconfigurable antenna was built from a dual-
polarized aperture-coupled antenna, which used a 3-dB hybrid
branch-line coupler as a polarizer to obtain circular polarization
(CP). Boti et al. [4] proposed a compact single-feed switchable
antenna with four beam-lead p-i-n diodes inserted directly on
coupling slots, but with three metallization levels. To switch the
polarization sense, Yang and Rahmat-Samii [5] used only two
p-i-n diodes directly mounted on two orthogonal slots incor-
porated on the probe-fed patch antenna. In [6], the switching
between right-handed circular polarization (RHCP) and left-
handed circular polarization (LHCP) is obtained by turning ON/
OFF two pairs of beam-lead p-i-n diodes soldered near an an-
nular slot ring. With the same radiating structure, Ho et al. [7]
used two p-i-n diodes on a uniplanar antenna where both the ra-
diating element and feedline circuit were on the same layer.
We propose here an original and compact reconfigurable
coplanar-waveguide (CPW) single-fed antenna, with only two
metallization levels, dedicated to 5.8-GHz applications. No
structure combining a CPW feeding and switching capabili-
ties has been proposed yet for reconfigurable antennas. The
CP sense is selected by four beam-lead p-i-n diodes directly
inserted in the coupling cross slot below the radiating patch.
By turning the pair of diodes ON or OFF, either RHCP or LHCP
can be obtained with the same feeding line. Both passive and
active structures are designed with a commercial code based on
the finite-element method (Ansoft HFSS). To obtain accurate
simulated results, the switching p-i-n diodes are modelled by
an equivalent circuit where the electrical parameters (lumped
resistor, inductor, and capacitor) are directly deduced from data
provided by Agilent Technologies, Palo Alto, CA.
This paper is structured as follows. In Section II, the opera-
tion principle of the passive device is confirmed by CP measure-
ments. In Section III, the reconfigurable device is numerically
analyzed, taking into account the fine structure geometry and
the accurate diode model. A set of relevant experiments are pre-
sented and discussed in relation to the structure details.
II. CP PASSIVE STRUCTURE
In single-feed printed antennas, CP is generally obtained from
two degenerate orthogonal linear polarizations with equal am-
plitude and 90 out-of-phase. For aperture-coupled patch an-
tennas, the excitation can be provided by a coupling slot in the
ground plane [8] or a modified cross slot and a bent tuning stub
[9]. However, these structures need three metallization levels
and increase the global height of the antenna. In [10], a tuning
stub has been used on a compact circular radiating patch fed by
a microstrip line. Chen et al. [11] have used circularly polar-
ized printed shorted annular and square ring-slot antennas with
a proximity coupling through a microstrip-line feed.
CPW feedings can also be used with similar performance with
the attractive advantage of only two metallization layers and an
easier integration of active devices. For instance, an asymmet-
rical CPW coupled slot with a slotted square patch is used in [12]
and a CPW inset tuning stub in [13]. In all these antennas, an
asymmetrical excitation mechanism is used to obtain CP.
Fig. 1. CP antenna excited by a CPW feedline. h = 1:524 mm, " = 4:5,
h = 3:175 mm, " = 2:2, L = 30:4 mm, L = 5:3 mm, L = 17:6 mm,
a = 9:2 mm, w = 1:8 mm, s = 0:3 mm.
The CPW-fed structure proposed in this paper is also fed
asymmetrically, but is much simpler (without a stub or slit on
the radiating patch antenna) because of the use of a circular
patch [14].
A. Antenna Design
In the circular-patch antenna proposed in Fig. 1 (where op-
timized dimensions have been determined after a parametric
study described in Section II-D), CP can be achieved by com-
bining two nonorthogonal linear polarized fields independently
excited by an inclined slot and the open termination end of the
CPW feed line [15].
Let us demonstrate this point by considering the field densi-
ties directed along in the stub and oriented along
in the diagonal slot. and expressions are given
by
(1)
(2)
The total field is
(3)
Applying the CP conditions , one can easily
deduce from (3) that CP is obtained for
and (4)
and the final field expressions are given by
(5)
(6)
Fig. 2. Distribution of electric field for a CPW line with a perpendicular slot
for various frequencies (no patch).
Fig. 3. Distribution of electric field for a CPW line with a 45 inclined slot for
various frequencies.
We conclude that a 45 inclination of the coupling slot com-
bined with a 180 45 phase difference and equal amplitude be-
tween the excited modes results in CP radiation (135 for RHCP,
225 for LHCP). Conversely, it can be easily shown that a 45
inclination of the coupling slot combined with a 45 phase
difference and equal amplitude between the excited modes also
results in CP radiation ( 45 for RHCP, 45 for LHCP).
Using the cavity model formulation [16], [17], a circular
patch radius mm is required for a 5.8-GHz resonant
frequency using an RT/Duroid 5880 upper substrate (
and mm).
In the multilayer CPW design, closed-form expressions [18]
and [19] resulting from a quasi-static analysis are used to de-
termine frequency-independent values of the effective dielectric
constant and characteristic impedance. The dimensions (
mm and mm) are calculated to obtain a 50- char-
acteristic impedance with a TMM4 lower substrate (
and mm).
B. Feeding System and CP Characterization
The field distribution in the open-ended CPW line is first
plotted for various frequencies with a perpendicular or a di-
agonal slot, but without a patch. Line dimensions are given in
Fig. 1.
In Fig. 2, a perpendicular slot is used. Due to the slot sym-
metry with respect to the line, an identical field distribution is
observed in both slot lines, i.e., only the odd mode can prop-
agate. Depending on the frequency, the field is not necessarily
maximum in the open stub when the dimensions of the perpen-
dicular slot are resonant. At 5.56 GHz, the perpendicular slot
essentially shorts the open stub and deviates the energy.
In Fig. 3, a 45 inclined slot loads the open-ended CPW line.
The field distribution is no longer symmetrical in the line be-
cause of the excitation of the even mode and its combination
with the odd mode. In this configuration, the field distribution
and return loss depend on the line length between the symmet-
rical excitation and diagonal slot. As a matter of fact, this sym-
metrical excitation (for instance, coaxial probe) acts as a short
Fig. 4. Real part of the input impedance Za versus frequency (dimensions
given in Fig. 1).
Fig. 5. Distribution of electric field in the CPW line and electric current on the
patch (viewed from the backside).
Fig. 6. Distribution of electric field in the CPW line and electric current on the
patch at different time at 5.78 GHz (viewed from the backside).
circuit for the even mode. Therefore, the line length must also
be taken into account in the antenna design. In addition, the fre-
quency dependence of the field distribution in the open stub and
the diagonal slot remains essentially the same as in Fig. 2.
We now consider the antenna of Fig. 1 including the circular
patch and its feeding structure with a 45 inclined slot. The real
part of the antenna input impedance is plotted on Fig. 4 in
the 5–6.5-GHz band. Three peaks are observed at 5.22, 5.78,
and 6.21 GHz.
The distributions of electric field in the feeding structure and
electric current on the patch are plotted in Figs. 5 and 6.
At 5.22 GHz [see Fig. 5(a)], the electrical field is linearly po-
larized in the -direction. The maximum energy is localized
in the stub. The field does not see the diagonal slot. Therefore,
the fields are symmetric in the feeding lines. At 6.21 GHz [see
Fig. 5(b)], there is no energy in the stub. Due to the combination
of odd and even modes propagating with different velocities, an
asymmetrical field distribution is observed in the feeding line.
The diagonal slot is excited and a linear polarization is obtained
Fig. 7. Simulated and measured return loss and AR.
Fig. 8. Simulated radiation pattern at 5.8 GHz.
at 45 . At both frequencies, the linear polarization can be con-
trolled by visualizing the time evolution of the electric current
on the patch.
In Fig. 6, the current distribution is sequentially observed at
different times at 5.78 GHz. A rotation of the current distribution
is obtained with a maximum field located alternatively in the
stub and slots. The polarization is RHCP, a 45 inclined slot
should be used for LHCP.
Making use of Fig. 4, it appears that the resonances at 5.22
and 6.21 GHz are associated with two degenerate linear polar-
izations, while the coupling between these yields a mode at an
intermediate frequency (5.78 GHz) showing CP characteristics.
In Section II-D, it will be shown that the length of the stub is
an important parameter to adjust the 180 45 phase difference
and obtain CP.
C. Simulated and Measured Results
Fig. 7 describes the simulated and measured return loss
and axial ratio (AR) at boresight. The minimum AR occurs
at the same frequency (5.8 GHz) for simulation and measure-
ments. The measured AR is 1 dB, while the predicted AR was
0.3 dB. The measured AR and return-loss bandwidths are ap-
proximately 1.8% ( dB) and 18% ( dB),
respectively.
The simulated and measured normalized radiation patterns
for the minimum AR are, respectively, represented on Figs. 8
and 9. The measured passive antenna gain is 6.9 dB.
A good agreement is observed between simulated and mea-
sured results for the passive structure with similar and
levels around boresight.
Fig. 9. Measured radiation pattern at 5.8 GHz.
Fig. 10. Effect of the CPW open stub length.
The dimensions of the final prototype given in Fig. 1 have
been optimized with the parametric study (essentially the length
of the coplanar line and open stub) described in Section II-D.
D. Parametric Study
We first consider the effect of the CPW open stub length
on the antenna performance (Fig. 1). The CPW length and
slot length are, respectively, set to a constant of 30.4 and
17.6 mm. is chosen to have five different values, i.e., 4.9,
5.1, 5.3, 5.5, and 5.7 mm. The effects of on and AR are
shown on Fig. 10. These curves indicate that the stub length con-
trols the phase difference between the linear polarizations. A
minimum AR (0.28 dB) appears at 5.8 GHz for mm
and it rapidly degrades around this value (1.2 and 1.54 dB, re-
spectively, for and mm).
The axial ratio bandwidth (ARBW) increases as decreases
(1.89% and 2.15%, respectively, for and mm)
Fig. 11. Effect of the CPW feedline length.
allowing an optimization of the ARBW to the detriment of the
minimum AR level.
The return loss shows two specific minimum corresponding
to the linear polarizations above and below the CP frequency of
interest. Both resonant frequencies are shifted as varies and
affect the impedance matching at the frequency corresponding
to the minimum AR. However, the antenna remains always
matched for the values chosen here ( dB).
The variation of and AR levels versus CPW feedline
length is depicted in Fig. 11 for five values ( and are,
respectively, set to 5.3 and 17.6 mm). As decreases (from
31.2 to 29.6 mm), the frequency corresponding to the minimum
AR increases (from 5.76 to 5.84 GHz) maintaining a good CP
purity ( dB) and a constant ARBW (1.9%). This is
due to the constant shift of the linear polarization resonant fre-
quencies around the minimum AR, which are moved to higher
frequencies as decreases.
The return loss remains below 10 dB at the minimum AR
frequency while both minimum locations are not significantly
altered by .
Other parametric studies on the slot length and the radius
have also been used in the antenna design.
III. ANTENNA WITH SWITCHABLE POLARIZATION SENSE
A. Topology of the Reconfigurable Antenna
The antenna with polarization diversity is derived from the
passive structure by adding a symmetrical slot along the second
diagonal [20], as represented in Fig. 12.
Slots, stubs, and patch dimensions are kept identical. Each
slot can be short circuited by means of a pair of beam-lead p-i-n
diodes (HPND-4028 Agilent Technologies, Palo Alto, CA)
located near the intersection with the feeding line and directly
Fig. 12. Circularly polarized reconfigurable structure.
soldered in the coupling slots. By switching on a pair of diodes
while the other is OFF, the antenna can switch between the
RHCP and LHCP states with a single feeding port. In Fig. 12,
shorting diodes 1 and 3 (2 and 4, respectively) produces RHCP
(LHCP, respectively).
The dc-bias voltage is supplied through a divided ground
plane, separated into five parts using four thin slits (130 m). As
a biasing circuit must not affect the RF behavior of the antenna,
large capacitors are built over the slits by stacking copper strips
and adhesive tapes (upper layer on Fig. 12). The slits are first
covered by an isolating adhesive layer (approximately 130- m
thickness), which insures a dc isolation maintaining RF conti-
nuity. The adhesive layer is then topped with four copper tapes
to shield the slits at RF frequencies.
The effect of the second slot and the influence of the diode
positions are studied in Section III-B. A second study is per-
formed in Section III-C to assess the capacity value due to the
thin air gap layer. In Section III-D, simulations of the reconfig-
urable antenna are performed with ideal models of the diodes.
Comparisons with the measured switchable prototype are pre-
sented and the validity of the ideal model is discussed. In Sec-
tion III-E, an equivalent circuit of the diode is implemented in
the High Frequency Structure Simulator (HFSS) software with
electrical parameters directly deduced from data provided by
Agilent Technologies. Finally, in Section III-F, the efficiency re-
duction resulting from the integration of the diodes is discussed.
B. Effect of the Diode Position
Here, the switch position inside the coupling slots is modified
to control its effect on and AR. This study is useful to esti-
mate the tolerance of the switchable antenna toward inaccurate
soldering and placement of the diodes.
To perform the parametric study, an ideal model of the diode
is implemented. As 110 m is the average width of the beam-
lead p-i-n diode, a 110- m-wide metallic strip is used to model
the p-i-n diode in the forward state (Fig. 13). An infinite resis-
tance models the diode in the reverse state. In Fig. 14, the sim-
ulated and AR are reported for the antenna with a single in-
clined slot (passive antenna described in Section II). A second
simulation is performed with two perpendicular slots and a short
Fig. 13. Position of the ideal short circuit in the slots.
Fig. 14. Influence of the second slot including ideal short circuits.
TABLE I
AR VERSUS SWITCH POSITION
circuit located at a distance mm from the CPW feeding
line (Fig. 13).
A 1.5% frequency shift of the minimum AR (5.72 GHz in-
stead of 5.81 GHz for the single slot) and similar matching levels
( 15 and 17 dB, respectively) are observed in Fig. 14. The AR
level is not significantly altered by the presence of the second
slot and the switch (0.43 dB instead of 0.2 dB).
In Table I, the minimum AR level and the associated fre-
quency are given for different diode positions. From mm
to mm, the AR level is correct (below 0.5 dB), but degrades
with larger distances reaching only 1.84 dB for mm. We
conclude that the switching diodes must be soldered as close
as possible to the CPW feedline with a maximum tolerance
mm.
C. Air-Gap Influence
Due to the isolating adhesive layer, a 130- m-thick air gap is
introduced between the ground plane and the RT/Duroid 5880
substrate. To evaluate the influence of this third dielectric layer,
simulated results obtained with two antenna configurations have
been plotted in Fig. 15. One is the antenna simulated in Fig. 14
(dotted line) with two perpendicular slots and an ideal short cir-
cuit. The other antenna is identical to the previous one, but in-
cludes the dc-bias circuit (divided ground plane with four thin
slits, 130- m air gap layer and four copper tapes).
Fig. 15. Influence of the dc isolation circuit.
Fig. 16. Measured and simulated S and AR results with an ideal diode
modeling.
In Fig. 15, the CP purity is nearly identical for both simula-
tions (minimum and dB with dc isolation cir-
cuit) with moderate level differences ( 14 and 11.3 dB
with dc isolation). However, an important frequency shift of the
minimum AR is observed (from 5.72 to 5.88 GHz). The same
decay is observed on on the second minimum location. We
conclude that the relative thinness of the air gap layer (130 m)
compared to the RT/Duroid 5880 thickness (3.175 mm) cannot
be neglected and must be modeled as a third layer inserted be-
tween both dielectric layers.
D. Simulation Based on Ideal Diodes—Comparison
With Measurements
The reconfigurable antenna including two pairs of diodes has
been designed and fabricated. Experimental results are reported
in Fig. 16 and compared with simulated results including the bi-
asing circuit and obtained with ideal diodes. In the HFSS soft-
ware, the diodes in the ON state are modeled by a 110- m-wide
metallic strip and the diodes in the OFF state are modeled by an
open circuit. In the simulation and measurements, diodes 1 and
3 are in the ON state, while diodes 2 and 4 are in the OFF state
(RHCP pattern).
The minima AR are 0.57 dB at 5.88 GHz (simulation) and 2 dB
at 5.79 GHz (measurement), respectively. The corresponding re-
turn losses are 11.3 dB (simulation) and 17.9 dB (measure-
ment), respectively. The frequency shift and level degradation of
AR minima result in a 1.43-dB difference of the minimum AR
level and a 1.5% frequency shift. As the antenna under consider-
ation is characterized by a narrow 1% ARBW for an AR 3-dB
criterion, the prediction does not comply to design purposes.
TABLE II
TYPICAL S-PARAMETERS AT 6 GHz (AGILENT TECHNOLOGIES DATA)
Fig. 17.  electrical network.
The discrepancy between experimental and simulated results
is attributed to the parasitic reactance and losses of the diode,
which are not included in the simulation. The improvement of
the diode modeling is covered in Section III-E.
E. Simulation Using Equivalent Circuits of the Diode
Here, an electrical model of the HPND-4028 beam-lead
diode is integrated into the HFSS simulator. One simulator
constraint is that only parallel circuits (resistor , inductor
, and capacitor ) can be included. For both forward and
reverse states, the values of the lumped elements (
and ) have been extracted from the -parameters provided
by Agilent Technologies at 6 GHz and given in Table II for
different dc-bias values.
The beam-lead p-i-n diodes require a forward bias current
in the forward state (ON) and a reverse voltage in the reverse
state (OFF). Using Table II, the biasing current mA and
reverse voltage V have been selected.
The -parameters have been measured in a series configura-
tion with microstrip ports [21]. The equivalent electrical circuit
( electrical network) depicted in Fig. 17 is particularly suitable
here. The open-end effects are modeled by , while the
diode behavior is included in . Using -to- conversion ta-
bles for the two-port network, and are identified at 6 GHz.
As the diode environment is different in the Agilent Technolo-
gies’ setup (microstrip ports) and the reconfigurable antenna
(soldered in a slot), only was taken into account to deter-
mine the equivalent parallel circuit ( and ).
In Table III, the real and imaginary parts of are given
with the lumped elements of the equivalent par-
allel circuit.
A simple capacitor is needed in the OFF state, while two
lumped elements ( and ) are required to model the switch
in the ON state. In Fig. 18, simulated and measured and AR
are plotted versus frequency with the RHCP configuration.
An excellent agreement with measurements is observed in
AR simulations. The simulated minimum dB is
obtained at 5.78 GHz with dB and
%. Measurements indicate a minimum dB ob-
tained at 5.79 GHz with dB and %.
TABLE III
LUMPED ELEMENTS OF THE EQUIVALENT PARALLEL CIRCUIT AT 6 GHz
Fig. 18. Results of S and AR with an electrical model of the diode.
Fig. 19. Measured radiation pattern at 5.79 GHz.
A comparison can be made with results of Fig. 15 obtained with
an ideal model of the diode. A sensible improvement is clearly
obtained with an electrical model of the switch. The difference
between the simulation and measurements drops from 1.43 to
0.89 dB for the AR level and from 1.5% to 0.2% for the fre-
quency shift.
The measured far-field patterns obtained at 5.79 GHz is dis-
played in Fig. 19 for the RHCP state. As revealed by the graph,
the radiation patterns are very close to the patterns of the passive
patch antenna (Fig. 9). Similar curves (not shown here) were ob-
tained for LHCP.
These results clearly show a significant improvement of
the simulated results when an electrical model of the diode is
used. On the other hand, the parasitic radiation of the diode is
not taken into account in the electrical model, which probably
causes an AR degradation. Moreover, some limitations of the
switch components must be taken into account. For example,
the losses and power limitations of the diodes inserted in the
reconfigurable antenna require some consideration.
F. Diode Effects on the Radiation Efficiency
The measured gain of the reconfigurable antenna is 6.02 dB.
This decrease, comparative to the 6.9 dB of the passive antenna,
TABLE IV
AR AND GAIN OF THE RECONFIGURABLE ANTENNA
VERSUS INPUT POWER
is significant and cannot be related to the lower reflection co-
efficient ( 17.8 dB versus 20.4 dB). Assuming identical di-
rectivities for the passive and active reconfigurable antennas,
the dB difference corresponds to a drop
of antenna efficiency. Even though the efficiency of the pas-
sive antenna has not been measured (typically around 90%),
the previous comparison indicates that the efficiency decrease
% results from the diodes integration.
This decrease is not only attributed to the losses in the diode, but
also to the excitation of CP cross-polarization observed through
the AR degradation in the reconfigurable antenna.
Extra measurements have been done to emphasize the influ-
ence of the nonlinearity of the diodes for several power levels in
a transmitter configuration. In these measurements, the recon-
figurable antenna is used as a transmitter antenna and fed by a
power generator, of which output power level ranges from 16 to
26 dBm. Results are given in Table IV.
No significant variations of the gain and AR values are ob-
served for power levels lower than 22 dBm. For higher power
levels, both gain and AR performances degrade. This degrada-
tion is attributed to the nonlinearities of the diodes, which alters
the phase and amplitude conditions to obtain the CP operation
of the antenna.
IV. CONCLUSION
A reconfigurable CPW-single fed antenna has been devel-
oped for short-range communication systems requiring CP di-
versity or modulation. To obtain a compact structure, switchable
devices (four p-i-n diodes) have been directly integrated below
the radiating element on the CPW feeding line. The resulting re-
configurable antenna is compact with a biasing circuit and com-
ponents located inside the radiating parts of the structure. After
a detailed study of the passive structure, we have demonstrated
that a great improvement of the AR prediction is obtained with
an equivalent circuit of the diode. For antennas showing narrow
ARBW, simple shorts or opens are not sufficient for the diode
modeling. The switchable polarization sense has been clearly
demonstrated in a 5.8-GHz prototype and its potential integra-
tion in RFID systems has been highlighted.
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